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BACKGROUND: Consensus on the etiology of 1991 Gulf War illness (GWI) has been limited by lack of objective individual-level environmental expo-
sure information and assumed recall bias.

OBJECTIVES: We investigated a prestated hypothesis of the association of GWI with a gene–environment (GxE) interaction of the paraoxonase-1
(PON1) Q192R polymorphism and low-level nerve agent exposure.

METHODS: A prevalence sample of 508 GWI cases and 508 nonpaired controls was drawn from the 8,020 participants in the U.S. Military Health
Survey, a representative sample survey of military veterans who served during the Gulf War. The PON1 Q192R genotype was measured by real-time
polymerase chain reaction (RT-PCR), and the serum Q and R isoenzyme activity levels were measured with PON1-specific substrates. Low-level
nerve agent exposure was estimated by survey questions on having heard nerve agent alarms during deployment.
RESULTS: The GxE interaction of the Q192R genotype and hearing alarms was strongly associated with GWI on both the multiplicative [prevalence
odds ratio (POR) of the interaction = 3:41; 95% confidence interval (CI): 1.20, 9.72] and additive (synergy index= 4:71; 95% CI: 1.82, 12.19) scales,
adjusted for measured confounders. The Q192R genotype and the alarms variable were independent (adjusted POR in the controls = 1:18; 95% CI:
0.81, 1.73; p=0:35), and the associations of GWI with the number of R alleles and quartiles of Q isoenzyme were monotonic. The adjusted relative
excess risk due to interaction (aRERI) was 7.69 (95% CI: 2.71, 19.13). Substituting Q isoenzyme activity for the genotype in the analyses corrobo-
rated the findings. Sensitivity analyses suggested that recall bias had forced the estimate of the GxE interaction toward the null and that unmeasured
confounding is unlikely to account for the findings. We found a GxE interaction involving the Q-correlated PON1 diazoxonase activity and a weak
possible GxE involving the Khamisiyah plume model, but none involving the PON1 R isoenzyme activity, arylesterase activity, paraoxonase activity,
butyrylcholinesterase genotypes or enzyme activity, or pyridostigmine.
DISCUSSION: Given gene–environment independence and monotonicity, the unconfounded aRERI>0 supports a mechanistic interaction. Together
with the direct evidence of exposure to fallout from bombing of chemical weapon storage facilities and the extensive toxicologic evidence of bio-
chemical protection from organophosphates by the Q isoenzyme, the findings provide strong evidence for an etiologic role of low-level nerve agent in
GWI. https://doi.org/10.1289/EHP9009

Introduction
In the 1991 PersianGulfWar, approximately 700,000U.S.military
personnel and 300,000 people from 41 Coalition countries were
deployed to the Kuwaiti Theater of Operations (KTO) for a 5-wk
air war punctuated by a 5-d groundwar.1 For months after the short
deployment, tens of thousands of previously fit personnel devel-
oped an often-disabling set of symptoms, termed Gulf War illness
(GWI), including fatigue, memory and concentration impairment,
difficulty finding words, insomnia, diarrhea or constipation, cuta-
neous tingling and numbness, balance disturbance and vertigo
attacks, body temperature dysregulation, and often severe somatic
pain,2–4 which have persisted.5 Rates of these symptoms were
higher in the KTO-deployed than in the nondeployed U.S. force.6,7

Among the deployed, both combat and support personnel were
affected,8–10 and psychological explanations do not fully explain the
illness.11 Clinical case–control studies employing neuroimaging,
electroencephalography, and autonomic testing have identified

abnormalities of brain and peripheral nerve function or metabolism
underlying the symptoms.12–20

In the first published epidemiological study of environmental
risk factors completed 4 y after the war (n=249), our group
found the strongest associations of GWI with self-reported low-
level organophosphate nerve agent exposure and having experi-
enced adverse effects of antinerve gas tablets containing the car-
bamate pyridostigmine bromide.21 To try to explain why only a
fraction of those exposed to these agents developed GWI, we fol-
lowed up with a prevalence case–control study (n=40) drawn
from the first cohort, in which we found GWI inversely associated
with serum activity of the Q isoenzyme of the paraoxonase-1
(PON1) gene, a known genetic determinant of susceptibility to or-
ganophosphate cholinesterase-inhibiting chemicals including nerve
agents.22

The PON1 enzyme hydrolyzes several important substrate
molecules such as paraoxon (the active metabolite of the pesti-
cide parathion) and diazoxon (the active metabolite of the pesti-
cide diazinon) as well as nerve agents like sarin and soman. A
given subject’s PON1 enzyme hydrolyzes these substrates at very
different levels of catalytic efficiency. For example, one’s PON1
enzyme can have very high catalytic activity against sarin (high
sarinase activity) but very low activity against paraoxon (low par-
aoxonase activity). The enzyme was named “paraoxonase” after
the first substrate it was found to hydrolyze.

The PON1 gene contains a common polymorphism in codon
192 that directs the production of either the 192 glutamine (Q)
isoenzyme or the 192 arginine (R) isoenzyme, the only catalytic
enzymes in humans that hydrolyze, and thus inactivate, organo-
phosphates. QQ homozygous individuals produce only the Q iso-
enzyme, which efficiently hydrolyzes nerve agents like sarin; RR
homozygotes produce only the R isoenzyme, which is relatively
ineffective against nerve agents; and QR heterozygotes produce
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variable proportions of both23,24; moreover, within genotype the
level of Q isoenzyme activity varies>10-fold.23,25 As hypothe-
sized, we found GWI was significantly elevated in veterans with
an R allele (RR or QR genotypes) and in those with lower serum
activity of the Q isoenzyme—a pattern compatible with an
increased susceptibility to nerve agents.22 The sample size was
too small to test for a gene–environment (GxE) interaction.

The butyrylcholinesterase (BChE) enzyme (serum cholines-
terase, pseudocholinesterase) normally contributes to protection
from organophosphates and pyridostigmine by covalently bind-
ing and sequestering them. An early case report suggested that
variants of the BChE gene with lower organophosphate binding
activity may have contributed to GWI.26 Our study22 and a later
one27 found no association of GWI with genetic variants or the
serum activity level of BChE, but the Steele et al. study27 sug-
gested that the uncommon BChE gene variants K/K, U/AK, U/A,
A/F, and AK/F may have modified the association of GWI with
having taken pyridostigmine antinerve agent tablets.

Despite subsequent evidence further linking GWI with wide-
spread exposure to cholinesterase-inhibiting chemicals, reviewed
exhaustively by Michalovicz et al.,28 no consensus on the role of
these environmental exposures has developed because of com-
mon study design flaws, including small, unrepresentative sam-
ples of veterans; self-selection of volunteer participants; and post
hoc exploratory analyses of multiple risk factors.29 The criticism
most often cited has been the assumption that recall bias from
self-reported environmental exposure measures inflated their
associations with GWI.30

We thus undertook the present study to test the prestated hy-
pothesis that, if low-level organophosphate nerve agent exposure
caused GWI, nerve agent–exposed veterans homozygous for the
minor RR genotype (having no Q isoenzyme) and those QQ or
QR individuals with lower levels of Q isoenzyme activity would
have higher rates of GWI. To overcome the challenges, we per-
formed a large population-representative random sample survey,
measured PON1 and BChE genotypes and enzyme activity levels
in a large prevalence case–control subsample drawn from the sur-
vey participants, tested the primary prestated hypothesis of a
GxE interaction between the PON1 Q192R genotype and low-
level nerve agent exposure on both the additive and multiplicative
scales, controlled selection bias by random sample selection and
confounding by multivariable analysis, and addressed recall bias
and unmeasured confounding by sensitivity testing.

Methods

National Survey of Gulf War-Era Veterans
To obtain information from a representative sample of veterans,
from 2007 to 2010 we conducted a national prevalence survey
known as the U.S. Military Health Survey (USMHS) via a
computer-assisted telephone interview (CATI) with 8,020 vet-
erans.7 The original sample of 14,812 veterans was randomly
selected from the target population of 3,492,407 on active duty,
National Guard, and Reserves in the personnel file of the Gulf
War-era military population covering 2 August 1990 to 1 July
1991 maintained by the Defense Manpower Data Center,
Seaside, California. We stratified the personnel file by the fol-
lowing design parameters prior to sample selection: a flag indi-
cating deployment to the KTO; age (<49 y, ≥49 y); sex; race/
ethnicity (non-Hispanic White vs. other to ensure adequate rep-
resentation of minority groups in the sample); military rank
during the war (officer, enlisted); military component (active
duty, Reserve/Guard); unit location in KTO on 20 January 1991
(deployed only) and special study strata, including twin pairs;
members of the 24th Reserve Naval Mobile Construction

Battalion; and parents of a child with Goldenhar complex birth
defect (Figure 1). With 74.9% of the randomly selected veter-
ans located and contacted and 80.2% of these agreeing to partic-
ipate, the overall response rate was 60.1%.31 Of the full
USMHS sample, 6,497 were deployed to the KTO, and 1,523
were nondeployed. The survey methods, extensive pilot testing
and initial findings of the USMHS were described in detail
elsewhere.7

Case Definition
The original GWI Research case definition, used in this study,
was developed from a survey of symptoms collected within 4 y
of the end of the Gulf War in deployed members of a Naval
Reserve construction battalion.2 To reduce ambiguity in symptom
reporting, for each of the 27 typical GWI symptoms the question-
naire included a battery of 4–11 clarifying questions that were an-
alyzed by principal components factor analysis to derive 2–3
unambiguous symptom scales. The resulting 52 continuous
symptom component scales were analyzed with a second-stage
factor analysis that identified 6 strong latent factors, suggesting
possible GWI variants. The resulting six factor scales were dicho-
tomized at 1.5 standard deviations to form syndrome variant indi-
cator variables. Veterans positive for any of the syndrome
variants met the criteria for the GWI Research case definition.
The case definition was validated in a sample of Gulf War veter-
ans from a Veterans Affairs medical center32 and in the full
national sample of the USMHS.7 This case definition, reproduced
in new samples of veterans by applying the factor weights to the
same battery of symptoms questions, was used in the initial neu-
rological, neuroimaging, and genetic studies to identify abnor-
malities of autonomic function and brain processing as well as
genetic predisposition of GWI.14,15,17,22,33

Subsequently, Fukuda et al. developed the U.S. Centers for
Disease Control and Prevention (CDC) case definition, from a
questionnaire of 10 typical GWI symptoms requiring at least 1
symptom from at least 2 of 3 symptom domains to be considered
a case.3 Later, Steele developed the Kansas case definition from a
questionnaire of 37 symptoms, requiring at least 3 symptoms rep-
resenting at least 3 of 6 symptom domains.4 In addition, veterans
with any of 10 comorbid conditions were excluded as cases.
However, as the veterans aged, the exclusions eliminated too
many valid cases; therefore, in recent studies the number of
comorbidities excluded has been reduced or eliminated.34,35 The
symptoms comprising the CDC and Kansas definitions over-
lapped 90% with those used for the GWI Research definition.
Because the groups meeting the GWI Research definition are
generally a close subset of the larger numbers meeting the CDC
and Kansas definitions, the GWI Research definition represents a
consensus of the three definitional approaches (Table S1).

Prevalence Case–Control Subsample
In a second stage of sampling (Figure 1), we obtained a preva-
lence case–control subsample from the 8,020 USMHS survey
participants. Near the end of the CATI interview questionnaire,
all participants meeting either the GWI Research or Kansas case
definitions and a random sample of all others were invited to par-
ticipate in the second stage of the study involving collection of a
blood sample (Table 1). Of the 2,103 individuals from whom we
could obtain a blood sample, were deployed to the KTO, and
were not in the earlier study from which the GWI Research case
definition was developed (Figure 1), we selected as the cases all
veterans meeting the GWI Research case definition2 (n=508).
The controls comprised an independent sample of those meeting
none of the case definitions (n=508). These selection criteria
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were used to minimize misclassification in the case and control
groups. The protocol was approved by the institutional review
boards of University of Texas (UT) Southwestern Medical
Center, RTI International, the U.S. Army, and the Department of
Veterans Affairs; all subjects gave verbal informed consent for
the survey and written informed consent for phlebotomy and
genetic testing.

Blood Collection

From 2009 to 2010, blood samples were drawn by licensed phle-
botomists in or near the subjects’ homes. Heparinized whole
blood and serum separator tubes were cooled immediately and
shipped overnight in a refrigeration pack to the program’s labora-
tory, where serum and plasma were aliquoted and leukocytes

163 not located or declined

1,136 Unable to arrange blood
draw

240 Non-deployed
165 Developmental subjects
682 Met only CDC or Kansas

case definitions 
Completed CATI Interviews

8,020 persons
(60.1% weighted response rate)

Not Deployed to KTO Deployed to KTO
1,523                        6,497      

Eligible
9,288 persons

(90.1% eligibility rate)
Not Deployed to KTO Deployed to KTO Special Studies

1,549                          6,409                        1,330

Contacted
10,172 persons

(74.9% contact rate)
Not Deployed to KTO Deployed to KTO Special Studies

1,683                          7,044                        1,445

Stratified Random Sample
14,817 persons

Not Deployed to KTO Deployed to KTO Special Studies
2,320                     10,622        1,875

U.S. Military Target Population
3,700,467

Sampling Frame
3,492,407 persons

Not Deployed to KTO Deployed to KTO Special Studies
2,792,235                     697,127     3,045

93,986 deceased
114,074 out of country

4,645 unable to contact

41 deceased
431 out of country
107 incapable
263 no phone
42 other ineligible

1,268 refused
450 other non-interview

Stage 1: USMHS Population Sample Stage 2: Prevalence Case-Control Subsample

Stage 2 Case-Control Subsample
3,402 persons

GWI Cases & Special All Others
2,689  (96.4%)               713 (13.6%)

Agreed to Give Blood Sample
3,239 persons

GWI Cases & Special All Others
2,593  (96.4%)                646 (90.6%)

Obtained Blood Sample
2,103 persons

GWI Cases & Special All Others
1,691  (65.2%)                 412 (63.8%)

Stage 1 Completed Interviews
8,020 persons

GWI Cases & Special All Others
2,790                           5,230 

KTO-deployed Sample for Study
1,016 persons

Research Case Definition Unaffected
508                           508

Obtained Blood Sample Restratified
2,103 persons

Met Any GWI Case Definition Unaffected
1,415                            688

4,618 Not selected

A

B

C

D

E

F

G

H

J

K

L

M

Figure 1. Selection of the stage 1 USMHS population sample and the stage 2 prevalence case–control subsample. (A) Includes all U.S. military personnel on
active duty or in the Reserves or National Guard on 2 August 1990. (B) Those not deployed to the Kuwaiti Theater of Operations (KTO) included medically
nondeployable personnel. “Special Studies” included twins, members of the 24th Reserve Naval Mobile Construction Battalion (Seabees), and parents of chil-
dren with Goldenhar Complex. Counts for subgroups are suppressed to maintain confidentiality according to terms of the Certificate of Confidentiality. (C) The
sampling frame was stratified by age, sex, race, service branch, military rank, active duty/reserve status, special studies strata, and KTO location on 20 January
1991.7 (D) The denominator of the survey-weighted contact rate includes the number of known survey-eligible persons and the estimated number of eligible
persons among those with an undetermined survey eligibility status. (E) The eligibility rate was calculated with survey weights applied among sample members
with known survey eligibility. (F) The survey-weighted response rate is the American Association for Public Opinion Research’s Response Rate 4 (RR4), cal-
culated as the number of confirmed and estimated eligible cases among those initially selected for the CATI phase of the study.31 (G) The universe for the cur-
rent prevalence case–control study includes all subjects in (F). (H) In selecting the prevalence case–control sample, the CATI algorithm selected all GWI cases
by the Research and Kansas case definitions and a 12.5% random sample of the rest of the USMHS participants. The slight deviations from these selection per-
centages resulted from late adjustments in the CATI algorithm. (L) Veterans who met any GWI case definition specifically met the GWI Research, CDC, or
Kansas (without exclusions) case definitions. The 165 developmental subjects excluded after (L) were those from the Seabees battalion who participated in the
initial study to develop the GWI Research case definition. (M) To minimize misclassification, the 508 who met the GWI Research case definition—a close sub-
set of the CDC and Modified Kansas definitions—were separated from those meeting only the CDC or Modified Kansas definitions and were used as cases in
the prevalence case-control study. Unaffected subjects, those meeting none of the three GWI case definitions, constituted the controls in the prevalence case–
control study. The left-hand column (A–F) of the figure was adapted from the original USMHS sampling flowchart published in Iannacchione et al.7 Note:
CATI, computer-assisted telephone interview; CDC, U.S. Centers for Disease Control and Prevention; GWI, Gulf War Illness; USMHS, U.S. Military Health
Survey.
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processed for DNA, all of which were frozen at −80�C for later
assay. Blood samples received warm were rejected and redrawn.

Measures of Environmental Exposure
On the basis of reports of widespread sounding of nerve agent
alarms and identifications of chemical warfare agents in U.S. and
Coalition troop positions from 18 to 19 January 1991 shortly after
Coalition bombing of Iraqi chemical weapon production and stor-
age facilities early in the air campaign36–38 (Figure 2), we asked
the following survey question in the USMHS CATI interviews as
the measure of low-level nerve agent exposure: “During the time
period from 2 August 1990 to 31 July 1991, did the alarms on the
chemical warfare detection devices in areas where you were living
or working ever go offwhile you were present there?” To provide a
measure of the dose of the exposure, we included this follow-up
question requesting a numerical response: “Approximately how
many different times did the chemical nerve gas detection devices
go off in your area?” In a previous analysis,39 we established
defined categories, 0, 1, 2–9, and ≥10 d, to provide sufficient
within-category sample sizes. Each individual’s KTO location on
20 January 1991 was included among the USMHS stratification
variables to maximize the power of the sample for testing the
effects of this measure on illness.

To test an alternative hypothesis on nerve agent exposure dur-
ing the conflict period, we obtained from the U.S. Army Center

for Unit Records Research (CURR) three binary indicator varia-
bles for each member of the USMHS sample indicating whether
their military unit was located in the plume of possible nerve
agent exposure on days 1, 2, or 3 after the demolition of the
Khamisiyah ammunition dump 10 d after the end of the conflict
period, 10–12 March 1991. The area of the plume had been esti-
mated in 2000 by computerized atmospheric transport and disper-
sion (ATD) modeling.40 We created a dichotomous measure
indicating Khamisiyah plume exposure on any days and a trichot-
omous measure of exposure coded 0 d, 1 d, or 2 d (no veteran in
our sample was exposed for all 3 d).

Genotyping
Genomic DNA was purified from subjects’ leukocytes by the UT
Southwestern’s Genomics and Microarray Core. High-throughput
genotyping was performed on a Bio-Rad iQ5 Real-Time PCR
Detection System (Bio-Rad Laboratories, Inc.), using the Taqman
SNP genotyping/allelic discrimination assay per the manufac-
turer’s protocol (Thermo Fisher). Labeled proprietary primers and
probes for the PON1 Q192R (SNP ID rs662) and butyrylcholines-
teraseK variant (alanine/threonineA539T; rs1803274) genotyping
assays were designed, manufactured, and validated by the manu-
facturer. All samples were run in triplicate, and each plate included
positive and negative control samples.25

Serum Esterase Assays
All aliquoting, transfer and dilution of serum, addition of sub-
strates, and enzymatic analysis were performed on a robotic
BioTek system equipped with a Precision XS automated sample
pipetting station, Twister II microplate handler, and a Synergy
HT microplate spectrophotometer as previously described.25

Serum samples were thawed at room temperature, vortexed for
20 s, centrifuged at 10,000× g for 2 min at 4°C and supernatants
diluted with 5mM Tris-HCl, pH 7.4 buffer containing 1mM
CaCl2 immediately before analysis. Serum hydrolytic activity for
the following PON1-defining substrates was measured in a 96-
well plate format according to published methods: paraoxonase,41

diazoxonase,41 and arylesterase.22 All samples were run in tripli-
cate and rerun if coefficients of variation (CVs) were higher than
15%; a quality control serum sample was run with all samples to
ensure accuracy; and every batch of substrate reagents was tested
for purity against a standard. The overall interassay CVs from the
repeat testing of the quality control serum sample in every batch
were 4.9%, 4.0%, and 3.4% for arylesterase, diazoxonase, and
paraoxonase activities, respectively, and the intra-assay CVs
among the three triplicate runs of each sample were 5.2%, 2.7%,
and 1.4%.

Subjects were classified into the three phenotypes of the
Q192R polymorphism by the association of their diazoxonase
and paraoxonase activity levels, and subjects’ level of serum
hydrolytic activity of the two isoenzymes of the Q192R polymor-
phism, the PON1 type Q and R isoenzymes, was quantified as
described in Figure 3. A more detailed description of the geno-
typing and enzymatic assay methods has been published.25

Serum butyrylcholinesterase activity was measured using
50 lM benzoylcholine (Sigma-Aldrich) in a protocol modified
from published methods42,43 for a reaction volume of 200 lL.
Benzoylcholine assays were conducted in ultraviolet-transparent
microplates (Greiner Bio); the reactions were monitored using
absorbance at 240 nm at 25°C. Serum dilutions and reactions
were made in 0:067 M Na/K phosphate buffer pH 7.4. Inhibition
of activity by dibucaine was used to identify the “atypical” (A)
phenotype.44 Dibucaine number (DN) is the percentage inhibition
of activity caused by 10 lM of dibucaine.

Table 1. Distributions of demographic and environmental exposure charac-
teristics in the GWI cases and controls (n=1,016).

GWI cases (n=508) Controls (n=508)

Frequency Percent Frequency Percent

Age (y)
<49 294 57.9 356 70.0
≥49 213 41.9 152 30.0
Missing 1 0.2 0 0.0
Sex
Male 396 78.0 477 93.9
Female 112 22.0 31 6.1
Service branch
Navy 78 15.4 184 36.22
Army 338 66.5 182 35.8
Marines 63 12.4 90 17.7
Air Force 29 5.7 52 10.3
Force status
Guard/Reserve 166 32.7 188 37.0
Active duty 342 67.3 320 63.0
Military rank
Officer 28 5.5 80 15.7
Enlisted 480 94.5 428 84.3
Combat exposure scale
Light 273 53.7 422 83.1
Light to moderate 102 20.1 52 10.2
Moderate to heavy 60 11.8 10 2.0
Missing 73 14.4 24 4.7
Special strataa

Yes 67 13.2 286 56.3
No 441 86.8 222 43.7
Heard nerve agent alarms
No 111 21.9 287 56.5
Yes 397 78.2 221 43.5
Unit located in Khamisiyah plume
No 354 69.7 386 76.0
Yes 120 23.6 56 11.0
Missing (unit
location unknown)

34 6.7 66 13.0

Note: GWI, Gulf War Illness.
aSpecial studies strata included twin pairs, members of the 24th Reserve Naval Mobile
Construction Battalion (Seabees), and parents of children with Goldenhar Complex.
Counts for subgroups are suppressed to maintain confidentiality according to terms of
the Certificate of Confidentiality.7
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Statistical Methods

Descriptive analyses. Analyses to estimate the population preva-
lence of GWI and the main environmental risk factors from the
entire deployed sample of the USMHS (n=6,497) were weighted
with the survey adjustment weights to correct for the unequal prob-
abilities of selection from the strata and selection biases from

inability to locate and refusal to participate.7,45 Correct standard
errors, allowing for the complex survey design and the weights,
were performed with SAS survey procedures (version 9.4; SAS
Institute) and SUDAAN software (RTI International).46

Because the information was obtained either from personal
interviews or from official military files, few values were miss-
ing. One subject’s missing age was imputed to 45, the mean age

Figure 2. (A) Map of the Kuwaiti Theater of Operations (KTO) showing the locations of major chemical weapons storage facilities bombed on the night of
18–19 January and location of U.S. military units and sites of sarin and other chemical weapon detections on 19–21 January. (B) Weather satellite image of the
large debris cloud (light tan in color and demarcated by white arrows) containing dispersed chemical weapon vapor.38 Sequential images from every-2-h passes
showed the debris rising from the bombed chemical weapons storage facilities at Muthanna and Fallujah and drifting southward to encompass U.S. troop posi-
tions. This image was taken at approximately 14:30 h local time on 19 January showing the debris reaching Hafir Al Batin, the day 10,000 nerve agent alarms
began sounding and chemical weapons experts using sophisticated equipment detected ambient sarin and other agents at multiple sites across U.S. posi-
tions.37,87 The light green cloud bank extending from northeast to southwest indicated a stationary weather front that held the sarin-containing debris cloud
over U.S. troop positions for a week. (C) Numbers of reports of alarms, warnings, etc., logged within the Nuclear, Biological, and Chemical cells of the
Central Command, Army Central Command, and VII Army Corps during the Conflict Period of the Gulf War36; the red vertical arrow marks the night of 18–
19 January just before the satellite image in (B) was taken. Figures (A) and (B) reproduced from Neuroepidemiology38 by permission of S. Karger AG, Basel,
and (C) from the June 1994 report of the Defense Science Board Task Force on Persian Gulf War Health Effects.36
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of the sample. The “moderate to heavy,” and “heavy” categories
of the Combat Exposure Scale were combined with the “moder-
ate” category because of small numbers, and in multivariable
modeling, the categories were represented as dummy variables
with “light” as the referent and “missing data” as a separate
dummy variable. In analyses involving possible exposure to the
Khamisiyah plume, 9.5% of subjects were omitted because their
unit locations were unknown.

Test of monotonicity of GWI-risk factor associations. We
tested for monotonicity (i.e., a consistently increasing or decreas-
ing function) of the associations of GWI with ordinal measures
of the environmental and genetic risk factors by calculating
Stuart and Kendall’s tau-c (sc) nonparametric correlation coeffi-
cient and its asymptotic standard error and the p-value from the
Cochran-Armitage nonparametric trend test.47 sc is distributed
from −1 to 1 and estimates the strength of monotonicity, and the
trend test provides its statistical significance. For the graphical
plots for Figure 4, we analyzed these ordinal categorical risk fac-
tors as dummy variables in logistic regression models to generate
odds ratios (ORs) appropriate for case–control studies.

Test of gene–environment independence. We tested for
gene–environment independence with a logistic regression model
in the 508 controls to test the association of having the PON1 R
allele with having heard nerve agent alarms, controlling for the
potential confounders.48

GxE interaction analyses. We tested our prestated hypothe-
sis on the association of GWI with the GxE interaction of the
PON1 gene and low-level nerve agent exposure in the Gulf
War. The effect of the PON1 gene was represented by the
Q192R polymorphism where veterans with the minor RR geno-
type were the high-risk group and by the serum activity level
of the Q isoenzyme, categorized at quartiles—both measured
from the blood samples collected in the second stage blood
study of the USMHS. We analyzed two binary measures of the
environmental exposure: a) the USMHS CATI question asking

whether the subject recalled having heard nerve agent alarms sound-
ing in their area, and b) the indicator variables of veterans’ having
been in the computer-modeled plume from the Khamisiyah
demolitions.

The analyses were carried out to conform with the recommen-
dations of Knol and VanderWeele49 for displaying the results of
interactions in genetic epidemiological studies in the familiar
4 × 2 table with a single reference category, which extended the
earlier Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) recommendations.50 We provided the
final measures of interaction on both the additive and multiplica-
tive scales with and without adjustment for confounding. We
used Rothman’s synergy index (S) for the additive-scale measure
to facilitate comparison with the multiplicative-scale measure
represented by the prevalence OR (POR) of the interaction term
from logistic regression, both of which range from 0 to plus infin-
ity with equivalency point of 1.0. We also provided the aRERI
for the most extreme comparison (highest vs. lowest risk catego-
ries), which is used to define the level of interaction.51

We calculated adjusted S and aRERI and their 95% confi-
dence intervals (CIs) with Zou’s SAS macro,52 which we modi-
fied by adding the front end of the Li and Chambless macro53 to
automate the interface with the logistic regression output and
adding a p-value calculation for the synergy index. Zou’s asym-
metric CIs are more accurate than the symmetric ones of Hosmer
and Lemeshow54 and, in our large samples, gave virtually the
same additive scale results as Richardson and Kaufman’s linear
OR approach55 (Table S2).

Analyses of confounding. In the design of the USMHS, we
reviewed past studies to identify the most likely important con-
founding variables and selected age, sex, service branch, mili-
tary rank, active-duty status, special strata, and Keane Combat
Exposure Scale56 (Table 1). Anticipating their potential impor-
tance, we obtained these variables from the official military per-
sonnel file and incorporated them as stratification variables in
the design of the USMHS survey7 to provide sufficient statisti-
cal power to control for them in the analyses.

Sensitivity analyses of the effect of recall bias. To assess the
effect of recall bias30 on our estimates of the GxE interaction, fol-
lowing the approach of Greenland and Lash,57 we stipulated the
likely ranges of the sensitivity (Se) and specificity (Sp) of veter-
ans’ recollection of hearing nerve agent alarms expected under
recall bias. Assuming recall bias would result in higher sensitivity
and lower specificity with the two parameters varying inversely
in the cases and the reverse in the controls, we examined the
range of values of Se from 0.90 to 0.99 and Sp of 0.90 to 0.70 in
the GWI cases, in comparison with values of Se 0.80 to 0.90 and
Sp 0.95 to 0.90 in the unaffected controls. These values of Se and
Sp for recalling nerve agent alarms are in a higher range than
expected for recall of usual life experiences because soldiers
were trained to recognize the characteristic sound of the M8A1
organophosphate detectors in their camps and immediately don
the potentially life-saving impervious rubber suits, masks, and
gloves—highly memorable events. We assumed that GWI would
not affect recall of wartime events because the veterans’ subjective
memory complaints have been attributed to deficits of attention,
concentration, and working memory (i.e., executive function) and
affective issues58 that developed weeks to months after the war,
when long-term memories had already been fixed.

Using a SAS macro we developed and validated for the sensi-
tivity analysis (Tables S3 and S4), we repeatedly recalculated the
strength of the GxE interaction on both the additive and multipli-
cative scales after correcting the distribution of the environmental
exposure variable for values across the range of Se and Sp in the
case and control groups expected from recall bias.
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Figure 3. Classification of the 1,016 Gulf War-era veterans of the prevalence
case-control sample into the three PON1 Q192R phenotypes (QQ, QR, and
RR) by their serum hydrolytic activity for substrates diazoxon (“diazoxonase
activity”) and paraoxon (“paraoxonase activity”). QQ subjects have only the Q
isoenzyme (green circles); RR subjects have only the R isoenzyme (blue
squares); and the QR subjects have some of each (red triangles). The relative
amounts of the Q and R isoenzymes in each QR subject is estimated by an inter-
polation equation.22,25
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Figure 4. The association of measures of low-level nerve agent exposure and genetic predisposition with Gulf War Illness. The measures are (A) the number
of times veterans were possibly exposed to low-level nerve agent indicated by nerve agent alarms sounding where they were present; (B) the number of days
veterans were in an area exposed to a possible plume of low-level nerve agent from postwar demolition of artillery shells containing sarin and cyclosarin in the
Khamisiyah ammunition dump according to U.S. government computer modeling; (C) the PON1 Q192R genotype; (D) serum PON1 192Q isoenzyme activity;
(E) serum PON1 192R isoenzyme activity; (F) the BChE genotype; (G) serum BChE enzyme activity; and (H) dibucaine number. Statistics are unadjusted.
Note: BChE, serum butyrylcholinesterase activity; CI, confidence interval; GWI, Gulf War Illness; POR, prevalence odds ratio; sc, Stuart and Kendall’s tau-c
nonparametric correlation coefficient and its asymptotic standard error testing monotonicity; P, two-tailed significance test of sc = 0. The numerical values for
the graphs are given in Table S5.
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Sensitivity analysis for unmeasured confounding. To assess
the likelihood that confounding by unmeasured characteristics
might explain away the main findings on the GxE interaction,
we performed sensitivity analyses for interaction on both the
additive and multiplicative scales under unmeasured confound-
ing by the methods of VanderWeele et al.59 Given that the
PON1 Q192R polymorphism was unconfounded (randomly
assigned at birth and unknown to participants), the analysis esti-
mated the bias in the GxE interaction from confounding for
varying levels of association of the unmeasured confounder (U)
with both hearing nerve agent alarms (stipulated prevalence of
U in those who did and those who did not hear alarms) and
GWI (stipulated rate ratio of U with GWI). We validated our
SAS macros by comparing the interaction parameters generated
by entering 1.0 for the three design parameters with values in
Table 2 generated by our other macros.

Throughout the study, p≤ 0:05 was the threshold for statisti-
cal significance.

Results

Characteristics of the Study Population and the Prevalence
Case–Control Sample
By applying the survey weights to our random sample of the 1991
U.S. military population, we estimated that 91,910 (13.6%; 95%
CI: 11.8, 15.4) of the approximately 677,000 personnel deployed
to the KTO for the 1991 Persian Gulf War met our GWI Research
case definition; 286,359 (42.3%; 95% CI: 39.9, 44.7) personnel
reported hearing nerve agent alarms; and 95,131 (14.1%; 95% CI:
13.2, 15.0) were located in the hypothesized Khamisiyah plume.

The frequency distributions of the baseline characteristics of
the 1,016 veterans randomly selected from the survey participants
for the USMHS second stage prevalence case–control sample are
given in Table 1. In comparison with the controls (n=508), the

cases (n=508) were older, more likely female, Army, active
duty, enlisted, and combat exposed.

Association of GWI with Environmental Risk Factors
Logistic regression analysis found that GWI increased monotoni-
cally over the number of nerve agent alarms heard to a crude
POR of 8.57 (95% CI: 5.64, 12.04) for those who heard 10 or
more alarms, and the sc and trend tests strongly supported a mon-
otonic association (Figure 4A; Table S5). GWI was weakly asso-
ciated with the number of days of exposure to the Khamisiyah
plume to a crude POR of 2.10 (95% CI: 1.06, 4.16), although
monotonicity was supported (Figure 4B).

Association of GWI with Genotype Distributions
In comparison with the Q192R genotype distribution of the con-
trol veterans (QQ 47.7%, QR 39.3%, and RR 13.0%), the GWI
group was significantly enriched in the RR genotype (QQ 24.2%,
QR 57.7%, and RR 18.1%; p<0:001). The distribution of PON1
Q192R genotypes in the control group did not differ significantly
from the Hardy-Weinberg equilibrium (p=0:54), but that of the
GWI cases did (p=0:04). GWI increased monotonically across
the three PON1 Q192R genotypes (Figure 4C).

In contrast, there was no significant difference in the BChE
genotype distributions between the controls (UU 60.2%, UK
36.0%, and KK 3.8%) and the veterans with GWI (UU 58.6%,
UK 39.4%, and KK 2.0%; p=0:82) (Figure 4F).

Association of GWI with Phenotype Distributions
GWI decreased monotonically with increasing PON1 type Q iso-
enzyme levels and increased monotonically with increasing R
isoenzyme levels (Figure 4D,E), whereas GWI was not signifi-
cantly associated with the BChE enzyme activity level or the di-
bucaine number (Figure 4G,H).

Table 2. Interaction on the additive and multiplicative scales of hearing nerve agent alarms and PON1 Q192R genotype on GWI.

PON1 Q192R genotype PORs for PON1
Q192R genotypes

within strata of alarmsQQ QR RR

Cases/
controls (n) POR (95% CI)

Cases/
controls (n) POR (95% CI)

Cases/
controls (n) POR (95% CI) QR vs. QQ RR vs. QQ

Heard nerve agent alarms
No 43/130 1.0 50/120 1.26 (0.78, 2.03)a

p=0:34
18/37 1.47 (0.76, 2.85)a

p=0:25
1.26 (0.78, 2.03)

p=0:34
1.47 (0.76, 2.85)

p=0:25
Yes 129/104 3.75 (2.44, 5.77)a

p<0:001
177/96 5.57 (3.64, 8.53)a

p<0:001
91/21 13.10 (7.29, 23.55)a

p<0:001
1.49 (1.04, 2.13)

p=0:03
3.49 (2.04, 6.00)

p<0:001

POR (95% CI) for alarms
within strata of genotypes

3.75 (2.44, 5.77)b

p<0:001
4.43 (2.93, 6.69)b

p<0:001
8.91 (4.27, 18.60)b

p<0:001

Additive scale: Synergy index (95% CI)
Unadjusted 1.0 1.52 (0.93, 2.48)

p=0:09
3.76 (1.91, 7.37)

p<0:001
Adjusted for confounders 1.0 1.87 (0.95, 3.67)

p=0:07
4.71 (1.82, 12.19)c

p=0:001
Multiplicative scale: POR (95% CI) from LR interaction term
Unadjusted 1.0 1.18 (0.65, 2.14)

p=0:59
2.38 (1.01, 5.57)

p=0:047
Adjusted for confounders 1.0 1.45 (0.70, 2.97)

p=0:32
3.41 (1.20, 9.72)

p=0:02

Note: The synergy index is a measure of interaction on the additive scale; it has the same distribution as the POR, viz., 0 to plus infinity with 1.0 as the equivalency point indicating no
association. The ratio of the PORs, obtained from the interaction term in a logistic regression analysis, is a measure of interaction on the multiplicative scale. The potential confounders
controlled for in the adjusted models include: age (years), sex (M, F), service branch [Army (referent), Navy, Air Force, Marines], rank (officer, enlisted), active duty vs Guard/
Reserve, special strata (yes, no), Combat Exposure Scale [0=missing, 1= light (referent), 2 = light to moderate, 3=moderate to heavy and heavy]. One subject’s missing age was
imputed to the mean age of the sample. The analyses included 508 cases and 508 controls. aRERI, relative excess risk due to interaction adjusted for measured confounding; CI, confi-
dence interval; GWI, Gulf War Illness; LR, logistic regression; PON1, paraoxonase-1; POR, prevalence odds ratio.
aEach of these odds ratio is derived from the 2x2 table formed by the cases and controls of this cell and those in the QQ-No alarm cell as the referent.
bEach of these odds ratio is derived from the 2x2 table formed by the cases and controls of the 2 cells above it with the top cell as the referent.
cThis value of the adjusted synergy index corresponds to an aRERI of 7.69 (95% CI: 2.71, 19.13).
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Independence of Genotype and Environmental Exposure
In the 508 controls, the adjusted POR for having the R allele
and answering affirmatively to the survey question on hearing
nerve agent alarms—controlling for age, sex, service branch,
military rank, active duty/reserve status, special strata, and combat
exposure—was 1.18 (95% CI: 0.81, 1.73, p=0:35).

GxE Interaction of PON1 Q192R Genotype and Nerve Agent
Exposure
GWI was significantly associated with a strong monotonically
increasing, synergistic GxE interaction between environmental
exposure to nerve agent alarms and having the PON1 R allele, as
tested on the additive scale by the synergy index. Specifically, in
comparison with those having no R allele (the QQ homozygotes),
those with one R allele (QR heterozygotes) had a synergy index
of 1.87 (95% CI: 0.95, 3.67), and those with two R alleles (RR
homozygotes) 4.71 (95% CI: 1.82, 12.19) (Table 2). When tested
on the multiplicative scale, the POR of the interaction term in the
logistic regression analysis showed the same monotonic increase in
GWI over the number of R alleles (Table 2). The aRERI, adjusted
for confounding,was 7.69 (95%CI: 2.71, 19.13) (Table 2).

Using the Khamisiyah plume as the indicator of environmental
exposure, the tests for GxE interaction yielded similarly elevated
associations on both additive andmultiplicative scales, but the syn-
ergy values were small and imprecise (Tables 1; Table S6).

GxE Interaction of PON1 Q Isoenzyme Activity and Nerve
Agent Exposure
GWI was significantly associated with a monotonically increas-
ing, synergistic GxE interaction, as indicated on the additive scale
by the synergy index, with environmental exposure to nerve
agent alarms and having the given type Q isoenzyme activity
level. Specifically, in comparison with the fourth quartile of type
Q activity (the most protected), those in the third quartile had a
synergy index of 1.38 (95% CI: 0.57, 3.35); those in the second
quartile, 2.48 (95% CI: 0.96, 6.39); and those in the first quartile
(the least protected), 3.89 (95% CI: 1.60, 9.49) (Table 3). Similar
results were found with the analysis on the multiplicative scale
(Table 3). The aRERI, adjusted for confounding, was 5.91 (95%
CI: 2.49, 13.45) (Table 3).

The tests for GxE interaction involving the Khamisiyah
plume yielded similar elevations that were likewise small and
imprecise (Tables 1; Table S7).

Tests for GxE Interaction Involving BChE and Additional
PON1-Related Enzyme Activities
Whereas all BChE variant genotypes had lower BChE serum ac-
tivity than the normal U/U genotype (Figure S1), we found no
significant GxE interaction for GWI between either the BChE ge-
notype or the BChE serum activity level with having heard nerve
agent alarms or having taken pyridostigmine (Tables S8–S11).

Table 4. Sensitivity analysis of the effect of differential misclassification of the environmental variable (hearing nerve agent alarms) on the association of GWI
with the GxE interaction between the PON1 RR vs. QQ genotype and having heard nerve agent alarms on the additive and multiplicative scales.

Interaction on the additive scalea

Controls

Cases Se: 1.00
Sp: 1.00

0.90
0.90

0.85
0.90

0.80
0.90

0.80
0.95Se Sp

1.00 1.00 3.76 — — — —
(1.91, 7.37)b — — — —

0.90 0.90 — 4.45 4.57 4.74 4.73
(2.35, 8.41) (2.40, 8.68) (2.46, 9.14) (2.40, 9.32)

0.90 0.80 — 4.70 4.86 5.09 5.13
(2.43, 9.10) (2.48, 9.52) (2.53, 10.23) (2.46, 10.73)

0.90 0.70 — 5.10 5.34 5.69 5.85
(2.53, 10.29) (2.58, 11.03) (2.63, 12.32) (2.51, 13.62)

0.95 0.80 — 4.55 4.70 4.92 4.93
(2.25, 9.19) (2.27, 9.72) (2.28, 10.65) (2.14, 11.37)

0.95 0.70 — 4.90 5.12 5.45 5.55
(2.29, 10.48) (2.29, 11.41) (2.27, 13.11) (2.07, 14.91)

Interaction on the multiplicative scalec

Controls

Cases Se: 1.00
Sp: 1.00

0.90
0.90

0.85
0.90

0.80
0.90

0.80
0.95Se Sp

1.00 1.00 2.38 — — — —
(1.01, 5.57)b — — — —

0.90 0.90 — 4.04 4.12 4.21 4.05
(1.50, 10.90) (1.53, 11.05) (1.58, 11.26) (1.52, ,10.78)

0.90 0.80 — 4.12 4.20 4.30 4.14
(1.58, 10.75) (1.62, 10.90) (1.67, 11.10) (1.61, 10.62)

0.90 0.70 — 4.25 4.33 4.43 4.26
(1.69, 10.68) (1.73, 10.83) (1.78, 11.03) (1.72, 10.55)

0.95 0.80 — 3.11 3.17 3.25 3.12
(1.31, 7.41) (1.34, 7.51) (1.38, 7.64) (1.33, 7.31)

0.95 0.70 — 3.20 3.26 3.34 3.21
(1.38, 7.46) (1.41, 7.56) (1.45, 7.69) (1.40, 7.35)

Note: —, no data; GxE, gene-environment interaction; GWI, Gulf War illness; Se, sensitivity; Sp, specificity.
aCells of the upper table contain the unadjusted synergy index (95% CI).
bFrom Table 2.
cCells of the lower table contain the unadjusted prevalence odds ratio (95% CI) of the interaction term from logistic regression.
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We found no statistically significant GxE interactions involv-
ing the PON1 R isoenzyme or paraoxonase activity (mediated
mostly by the R isoenzyme) or arylesterase activity (mediated by
both Q and R isoenzymes), but we did find a significant GxE
interaction involving diazoxonase activity (mediated mostly by
the Q isoenzyme) (Figure 3; Tables S12–S15).

Is the GxE Interaction Due to Recall Bias?
Correcting the unadjusted values of the GxE interaction for the
combinations of Se and Sp of recalling nerve agent alarms
expected under recall bias increased the association of the GxE
interaction with GWI above the baseline uncorrected values on
both the additive (S=3:76) and multiplicative (POR=2:38)
scales, thus forcing them further away from the null (Table 4).

Confounding by Measured and Unmeasured Characteristics
Adjustment for the seven measured confounding variables gener-
ally increased the point estimates of the GxE interaction, correct-
ing negative confounding on both the additive and multiplicative
scales (Tables 2 and 3). Correcting for all combinations of the
plausible ranges of association of an unmeasured confounder
with the independent and dependent variables failed to reduce the
aRERI to unity, and only the most prevalent unmeasured con-
founders and those most strongly associated with the independent
and dependent variables forced the lower confidence limit down
to encompass unity (Table S16). Similarly, the point estimate of
the GxE interaction on the multiplicative scale was resistant to all
but the most extremely prevalent and strongly associated unmeas-
ured confounders, whereas its confidence interval included unity
into the plausible range (Table S17).

Discussion
Our study arrived at several findings that address the possible
causal role of low-level nerve agent exposure in GWI. We found
strong associations between GWI and both hearing nerve agent
alarms and having PON1 Q192R genotypes that would increase
susceptibility to injury from nerve agent. Moreover, there was a
strong GxE interaction by which the strength of the association
of GWI with hearing nerve agent alarms increased monotonically
with the subject’s number of PON1 192R alleles. This monotonic
interaction remained strong when substituting the phenotypic
PON1 Q isoenzyme activity level for the PON1 genotype. Our
sensitivity analysis found that misclassification due to recall bias
in Gulf War veterans’ self-reporting of hearing nerve agent
alarms appears to have forced the test for GxE interactions to-
ward the null, tending to obscure the association rather than gen-
erating a falsely positive one. Finally, we found that the PON1
genotype and hearing nerve agent alarms were independent and
the findings robust to both measured and unmeasured confound-
ing, supporting a mechanistic GxE interaction.

Plausibility of a Link between Low-Level Nerve Agent
Exposure and GWI
Our first finding was a monotonically increasing association of
GWI with categories of the number of times nerve agent alarms
sounded where the veterans were working or living. The plausi-
bility of this finding was supported by several other findings.
Although the presence of nerve agent during the Gulf War was
initially doubted, subsequent evidence substantiated widespread
low-level exposure among U.S. troops from long-distance
transit of fallout from the bombing of Iraqi chemical weapon
research, production, and storage facilities west of Baghdad
early in the 1991 Gulf War,36–38 summarized in Figure 2. GWI

has been statistically associated with various self-report measures
and plume model indicators of nerve agent exposure in most of
the epidemiological studies of GWI in which it has been ana-
lyzed8,21,39,60–64 (Table S18). Putative nerve agent exposure has
also been linked epidemiologically with death from brain cancer
in Gulf War veterans in the first decade after the war65 as well as
clinically with abnormalities of veterans’ neurocognitive func-
tion,60,63 regional brain volumes,66–69 and brain white matter in-
tegrity.70 A similar body of epidemiologic and clinical evidence
has demonstrated a neurocognitive syndrome and dysfunction of
the central nervous system and postural instability similar to those
in GWI in the Japanese survivors of sarin attacks (by the Aum
Shinrikyo cult on a housing subdivision in Matsumoto, Japan, in
1994 and on the Tokyo subway in 1995) in whom the severity of
the chronic illness increased with the documented dose of suble-
thal sarin exposure.71–73

Plausibility of Protection from Nerve Agent Effects by the Q
Isoenzyme
Our second finding was a monotonically increasing association
betweenGWI and thePON1Q192R genotype, with the risk increas-
ing with the number of R alleles. This association was shown to be
physiologically important by our phenotypic measurements of the
serum enzymatic products, the Q and R isoenzymes, of the corre-
sponding alleles. Given that the Q isoenzyme hydrolyzes chemical
warfare nerve agents like sarin more efficiently than the R isoen-
zyme does,23 the Q isoenzymewould be expected to provide greater
protection from adverse effects of nerve agent exposure. We found
that the serum activity level of the PON1 type Q isoenzyme, but not
the type R isoenzyme, was inversely associated with, i.e., protective
from, GWI. Thus, the biased distribution of the genotype appears to
reflect enrichment of the GWI group with veterans having the R al-
lele, which would have made them more susceptible to neurotoxic-
ity from low-level sarin nerve agent.

In contrast, we found, as in two previous studies,22,27 no asso-
ciation of GWI with low serum BChE activity, rare BChE genetic
variants, or a GxE interaction involving either of them and low-
level nerve agent exposure.

Evidence of Effect Modification by PON1 Q192R Genotype
and Q Isoenzyme
If the associations of GWI with nerve agent exposure and with
the PON1 Q192R polymorphism were indicating a causal rela-
tionship, we would predict that the genotype would act as an
effect modifier for the GWI–nerve agent exposure association.
Our third finding was confirmation of this GxE interaction.
Specifically, the strength of the association between the dichoto-
mous measures of GWI and hearing nerve agent alarms during
the 1991 Gulf War conflict period increased monotonically over
the genotype categories of the number of R alleles and inversely
over the categories of type Q isoenzyme serum activity.
Moreover, the change in the combined effect from one category
to the next was significantly greater than the sum of the independ-
ent effects of the environmental exposure and the genotype, indi-
cating a synergistic interaction as measured on both the additive
and multiplicative scales.

In contrast to the strong association of GWI with low-level
nerve agent exposure during the conflict period, indicated by hear-
ing nerve agent alarms, the evidence provided only weak support
for a GxE interaction with low-level nerve agent exposure from
postwar demolition of Iraqi artillery shells containing nerve agent
in an ammunition dump near Khamisiyah, hypothesized by the
computer-generated plume model. The evidence for nerve agent
exposure during the conflict period, including transit of a likely
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nerve agent–containing debris cloud from bombed Iraqi storage
sites, large numbers of nerve agent alarms, credible detections of
nerve agent by chemical weapons experts, and widespread concern
about nerve agent exposures at the time, was far stronger than after
the Khamisiyah ammunition dump demolition, which was not sus-
pected until years after the war.37–40 The weaker support for a GxE
interaction involving the Khamisiyah plume may have been due to
relatively lower amounts of nerve agent released, low statistical
power due to the lower prevalence of personnel exposed, or expo-
sure misclassification by the plume model, which has been
criticized.74

Because the ability to hydrolyze sarin (sarinase activity) is
largely specific to the PON1 Q isoenzyme activity,23 as predicted
we found no GxE interaction with PON1 R isoenzyme activity or
with PON1’s paraoxonase activity, which is highly dependent on
the R isoenzyme. Subjects’ serum activity levels of the Q and R
isoenzymes tend to be inversely associated (Figure 3). The Q iso-
enzyme efficiently hydrolyzes many organophosphate nerve
agents, whereas the R isoenzyme does not.23,75 Subjects’ level of
serum diazoxonase activity (vertical axis in Figure 3) is corre-
lated with their level of Q isoenzyme activity and thus is associ-
ated with protection from nerve agents. Subjects’ serum
paraoxonase activity (horizontal axis in Figure 3) is correlated
with their R isoenzyme activity and thus is weakly associated
with protection from nerve agents. Phenylacetate (“arylesterase
activity”) is equally associated with Q and R activity and thus is
only moderately associated with protection from nerve agents.

Effect of Recall Bias on the GxE Interaction
A potential limitation of our study is that recall bias in veterans’
reporting of having heard nerve agent alarms might have inflated
its association with GWI—a charge that, without evidence, has in
the past contributed to the etiologic contribution of nerve agent to
GWI being disregarded.76 Finding a GxE interaction, however,
provided a unique opportunity to determine the likely magnitude
and direction of this potential bias. Using the well-described epi-
demiological approach to this problem,57 we recalculated the
GxE interactions on the additive and multiplicative scales over
ranges of the sensitivity and specificity of recall bias, assuming
that the recall of ill veterans would display relatively low speci-
ficity and high sensitivity, because ill individuals tend to recall
exposures more vividly and possibly embellish, whereas well
controls would display high specificity but low sensitivity,
because healthy individuals tend to recall less vividly.77 Given
that RT-PCR performed in triplicate measured the PON1 geno-
types with negligible error and that the PON1 gene is known to
have a causal effect in modifying organophosphate effects,78 the
results showed that correcting for the examined ranges of recall
accuracy forced the GxE interactions further from the null, indi-
cating that misclassification of the environmental variable by
recall bias had actually tended to obscure the association rather
than manufacturing a false one, as long incorrectly assumed. This
result was to be expected, because when the environmental and
genetic variables are independent and the associations are uncon-
founded79—both conditions supported by our analysis—mea-
surement error in the environmental variable always biases the
GxE interaction toward the null, and conversely, under these
assumptions, a significant GxE interaction cannot be due to mis-
classification of the environmental variable.48

Strength of Causal Inference Suggested by the Level of GxE
Interaction
The epidemiological literature recognizes three levels of GxE
interaction distinguished by the strength of evidence for a causal

relationship: a) statistical interaction, b) mechanistic interaction,
and c) biological, or functional, interaction.51 A statistical inter-
action is typically one demonstrated by a statistically significant
coefficient on the interaction term in a logistic regression analy-
sis. Known in the epidemiology literature as an interaction on the
multiplicative scale, it is an unreliable indicator of a causal inter-
action at the physiologic level, because statistical interactions fre-
quently result from reasons other than causal interactions.

A mechanistic interaction must satisfy more rigorous condi-
tions that lead to a stronger inference of causality. The central
requirement for a mechanistic interaction is the demonstration
that at least some individuals (though not necessarily all) will
have the disease if both environmental and genetic exposures are
present but not if just one of them is.51 Known as Rothman’s cri-
teria for “sufficient cause”80,81 or “compositional epistasis,”51,82
this requirement can be established by a statistically significant
interaction on the additive scale, conditioned on monotonicity of
the associations of the outcome with both the environmental and
genetic variables. Monotonicity means that the risk functions of
the exposures with the disease are always either increasing or
neutral but never decreasing for any individual; that is, an expo-
sure that increases the disease risk is never also preventive. In
addition, the multivariable models demonstrating the additive
interaction must control for confounding of the associations of
the outcome with both the environmental exposure and the
genetic variable, and the gene and environmental variables must
occur independently of each other.79

Our analysis met all of these conditions: controlling for poten-
tial confounders for the association of GWI with both the number
of nerve agent alarms heard and the PON1 Q192R genotype;
demonstrating gene and environmental variable independence;
and establishing monotonicity of GWI prevalence rate with both
the environmental and genetic variables. For our purposes, the
monotonicity of nerve agent exposure is certain: Not only was
the GWI a strongly increasing monotonic function of the number
of nerve agent alarms heard (Figure 4A), but the large body of
published evidence has identified no circumstances in which sarin
is preventive of neurotoxic brain effects.83 Whereas warnings
from nerve agent alarms were designed to prevent high-level,
potentially fatal exposures from nerve gas attacks, which did not
occur in the Gulf War, they do not prevent low-level exposure
from atmospheric fallout as occurred in the Gulf War. The
alarms’ level of detection was set high enough that by the time
they sounded (or after they stopped), nearby soldiers had already
been (or continued to be) exposed to low levels of nerve agent
long enough to produce lasting neurological damage demonstra-
ble by electroencephalogram38,84 (Figure S2).

Likewise, monotonicity is certain for the genetic variables
PON1 Q192R genotype and type Q isoenzyme activity. GWI was
a monotonically increasing function of the number of R alleles
and a monotonically decreasing function of the quartiles of type
Q isoenzyme activity (Figure 4C,D), and the Q isoenzyme’s only
known effect on sarin is to inactivate it by hydrolysis and thus
mitigate its neurotoxic effects.23

Given, then, that both the environmental and genetic variables
satisfy the monotonicity requirement, an unconfounded aRERI>0
would establish mechanistic interaction.51 Our analysis found that,
controlling for potential confounders, aRERI= 7:69 (95% CI:
2.71, 19.13) for the interaction with the number of R alleles, and
aRERI= 5:91 (95% CI: 2.49, 13.45) for interaction with the serum
level of type Q isoenzyme activity. Because the lower 95% confi-
dence limits of both analyses exceeded the aRERI>0 criterion,
these findings establish amechanistic interaction.

We are then left with the question whether this mechanistic
GxE interaction actually represents a biological, or functional,
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interaction, i.e., where low-level nerve agent exposure and the ge-
notype of the PON1 Q192R polymorphism interacted biochemi-
cally to produce GWI. Although the presence of a mechanistic
interaction suggests this, it must be further supported by a convinc-
ing mosaic of basic research establishing a compatible biological
mechanism.51 Extensive biochemical and clinical research has elu-
cidated both the adverse brain effects of low-level sarin at doses
comparable to levels to which soldiers would have been exposed
during the Gulf War (Table S19) and the ability of the PON1 gene
through its type Q isoenzyme to efficiently hydrolyze sarin at the
low physiological concentrations expected from subsymptomatic
exposure and prevent its neurotoxic effects23 (Table S20).

Confounding by Measured Characteristics
In the design of the USMHS we measured all the characteristics
considered possible confounders and incorporated them in the
random sampling design as stratification variables to ensure
adequate power to control for them in the multivariable analy-
ses.7 Controlling for these seven confounders only strengthened
the GxE interaction effects, indicating negative confounding.

Confounding by Unmeasured Characteristics
Our finding a significant GxE interaction under a strong assump-
tion of GxE independence means that either the GxE interaction
truly exists or it is due to an interaction between the genotype and
an unmeasured confounder of the environment effect.59 In our
case, however, the fact that the PON1 Q192R genotype was ran-
domly assigned at birth and was unknown to participants during
and after the war makes associations between the genotype and
unmeasured confounders unlikely.59 If there is no genotype–
confounder association, then the GxE interaction on either the
additive or multiplicative scales cannot be biased by confound-
ing even if the unmeasured confounder is not controlled for.51 In
the unlikely event that, notwithstanding these considerations,
unmeasured confounding was present, our sensitivity analysis
found that our measures of GxE interaction on the additive and
multiplicative scales were robust to all plausible patterns and
ranges of unmeasured confounding. In addition, the finding of
negative confounding by the measured confounders limits the
possibility of confounding by unmeasured characteristics asso-
ciated with those we measured.

Three possible confounders not analyzed in this study are pes-
ticide exposure,85 rocket or jet fuel or vehicle exhaust exposure,86

and severe fright from hearing nerve agent alarms.8 Both organo-
phosphate pesticides and fuel or exhaust fumes are capable of
causing falsely positive nerve agent alarms from the M8A1 nerve
agent detectors,86 but exposures to both were ubiquitous long
before the approximately 10,000 alarms began sounding at the
start of the air campaign when Coalition bombing of Iraqi chemi-
cal weapon facilities released the fallout cloud that reached U.S.
troop concentrations just as sarin was detected at multiple
sites37,87,88,39,38 (Figure 2). Whereas heavy repetitive exposure to
organophosphate pesticides might cause chronic cognitive prob-
lems, the PON1 R isoenzyme is the more efficient detoxifier of
most pesticides.23 Jet exhaust is not known to have neurotoxic
effects,89 and PON1 does not metabolize petroleum-derived
hydrocarbons. Thus, if the wide array of pesticides used in the
Gulf War85 or jet exhaust were responsible for most of the
alarms, the GxE interaction involving the Q isoenzyme would
not have occurred. Although severe fright can produce posttrau-
matic stress disorder (PTSD), psychological explanations includ-
ing PTSD do not explain GWI fully,11 and the studies suggesting
that GWI was PTSD were shown to be falsely positive misinter-
pretations of psychological screening tests.90

Limitations of the Study
A limitation of this study is that it focused on environmental
exposures to low-level sarin nerve agent to the exclusion of
other risk factors implicated in epidemiological studies, such as
exposures to pesticides, pyridostigmine bromide, antibiotics,
immunizations, insect repellants, and psychological effects of
deployment.91 This focus was due to the unique opportunity
afforded by the PON1 Q192R polymorphism to develop objective
genetic and biochemical support for their etiologic role in GWI by
studying GxE interactions. Another limitation was that we were
unable to apply Mendelian randomization to strengthen the evi-
dence for a causal relationship between low-level nerve agent ex-
posure and GWI, because the PON1 Q192R polymorphism is
acting as an effect modifier rather than an instrumental variable,
which is required to apply that approach.92 The USMHS survey
participation rate of 60% leaves the possibility of selection bias;
however, the application of survey weights that control for such
bias had little effect on parameter estimates.7 Our decision not to
adjust significance levels for multiple statistical testing is justified
by use of prespecified hypotheses, the strong biochemical basis for
the findings, and the relationships among the various exposures
studied.

Conclusion
Our study supports the prestated hypothesis of a GxE interaction
between the PON1 Q192R polymorphism and low-level nerve
agent exposure measured by recall of hearing nerve agent alarms
during the Gulf War conflict. Contemporaneous weather satellite
images38 have removed the objection that originally discounted
the role of nerve agent in GWI; selection of our GWI cases and
controls from a large, representative sample of U.S. Gulf War–
era veterans avoided selection bias; potential confounding by
both measured and unmeasured confounders was ruled out; and
sensitivity testing suggested that recall bias would have obscured
the GxE interaction (biased toward the null), rather than causing
a false positive one. The GxE interaction met the rigorous criteria
for a mechanistic interaction, constituting a higher level of evi-
dence for a causal link than a mere statistical epidemiological
association. The prior research linking low-level sarin exposure
with brain pathology compatible with GWI and demonstrating
the biochemically modifying effects of the PON1 Q isoenzyme
on the effects of sarin satisfy the higher standard of evidence for
a biological interaction. These findings constitute strong evidence
for a causal role of low-level nerve agent in GWI.
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